T HIS review concerns the age-related reductions in cellular replication rates in vivo and short-term clonal replication capacity in vitro, the conditions that may produce them, and the protection against all three provided by long-term caloric restriction (CR). The relationship of these events to animal age, morbidity, and life span is considered on the basis of possible cause and effect. The review is divided into three sections. The first, titled "Cellular Aspects of Animal Aging," is a discussion of cellular replication, the importance of optimal cell numbers and function in relationship to the health of the organs containing them, and also a reference to types of in vivo and in vitro measurements of cell replication available and how they relate to the physiologic age of the organ or tissue studied. The second section, headed "Caloric Restriction-(etc.)," is a review of how CR affects the subject animal as to life span, the health or disease of specific organs or tissues, resistance to oxidative insult and hormonal status, and the approaches used to quantitate these. The results of several studies in our laboratory are drawn from to illustrate these points, demonstrating the salutary effects of CR on life span and on the mutually corroborative measures of in vivo and in vitro cell replication. The third section, "General Discussion," considers the possible mechanisms of aging that affect cell replication at the tissue level, including the roles of reactive oxygen species (ROS), telomere shortening, environmental temperature, and hormone levels. We have not attempted to encompass the overall field of genetic control of aging and cell proliferation that has been well reviewed by others (1-4), nor the well documented physical and behavioral attributes of developing senescence in fibroblasts seen during extended population doublings in long-term culture (5).
T HIS review concerns the age-related reductions in cellular replication rates in vivo and short-term clonal replication capacity in vitro, the conditions that may produce them, and the protection against all three provided by long-term caloric restriction (CR). The relationship of these events to animal age, morbidity, and life span is considered on the basis of possible cause and effect. The review is divided into three sections. The first, titled "Cellular Aspects of Animal Aging," is a discussion of cellular replication, the importance of optimal cell numbers and function in relationship to the health of the organs containing them, and also a reference to types of in vivo and in vitro measurements of cell replication available and how they relate to the physiologic age of the organ or tissue studied. The second section, headed "Caloric Restriction-(etc.)," is a review of how CR affects the subject animal as to life span, the health or disease of specific organs or tissues, resistance to oxidative insult and hormonal status, and the approaches used to quantitate these. The results of several studies in our laboratory are drawn from to illustrate these points, demonstrating the salutary effects of CR on life span and on the mutually corroborative measures of in vivo and in vitro cell replication. The third section, "General Discussion," considers the possible mechanisms of aging that affect cell replication at the tissue level, including the roles of reactive oxygen species (ROS), telomere shortening, environmental temperature, and hormone levels. We have not attempted to encompass the overall field of genetic control of aging and cell proliferation that has been well reviewed by others (1) (2) (3) (4) , nor the well documented physical and behavioral attributes of developing senescence in fibroblasts seen during extended population doublings in long-term culture (5) .
The criteria for biomarkers of aging, as set out by Baker and Sprott (6) , list ideal conditions that include predictability for a measurable reflection of a basic biological process; crossspecies comparability; physiologic aging (i.e., functional aging B502 vs chronologie age); nonlethal longitudinal testing; and reproducible measurements during a relatively short time interval in the animal's life span. It is difficult to meet all of these criteria simultaneously, and they appear to exclude changes that correlate over time with the chronologie age of the animal. Yet, reductions in cellular replication do accompany several physiologic changes that, in tum, accompany chronologie aging. Among these are the rate of wound healing in the aged, the development of senile cataracts and age-related osteopenia and osteoporosis, each detailed below. These relationships between reduced cellular replicative activity and an altered physiologic response, or even frank pathology, cannot be put forword as mechanistic unless causation can be demonstrated, and causation is often complex. However, these relationships cannot be ignored, and it is useful to fully explore them and the means by which they can be altered.
Cellular Aspects ofAnimal Aging
A traditional classification system has separated mammalian cell types that have the in vivo capacity to divide in adults and those (postreplicative) types that do not (7) . All cell types other than postreplicative neurons and cardiac muscle cells replicate either continuously, to replace natural losses (hematopoietic cells and epithelial cells of skin and gut lining), or slowly, but with the capacity to 'increase their rate under conditions demanding an increase in numbers for extended functional needs or damage repair [hepatic, kidney tubular, pancreatic acinar, osteoblast, and various other mesenchymal cell types (7) (8) (9) (10) (11) (12) ].
The phenomenon of aging among vertebrate animals appears to consist of several processes that mayor may not be linked by one or more underlying mechanisms. For instance, the loss of optimal cell numbers and cell function among both replicating and postreplicative cell types with age could be largely the result of the same underlying event, such as accrued oxidative damage to DNA. However, the age-related changes involving the hypothalamic-pituitary-adrenal axis might result from a different cause. Nevertheless, it is useful to examine the present state of knowledge in one phenomenon of aging that occurs in all mammalian species and appears to contribute to the ultimate degradation of several organ systems. This consists of an inability to maintain adequate numbers of normally functioning cell types, leading to diminished function and often frank pathologies in specific tissues and organs in the aged animal (13) . Abnormal function in an organ need not be dependent upon reduced cell numbers and may even involve hyperplasia; however, the relationship to cell loss does exist in several age-accompanying pathological states. Among the agerelated deficiencies and pathologies that appear to result from diminished cell numbers due to either normal or accelerated rates of cell losses accompanied by insufficient cell replication and replacement are: reduction in both numbers and function of osteoblasts resulting in age-related osteopenia and osteoporosis (12, (14) (15) (16) (17) (18) (19) ; diminished naive T-cell numbers and function resulting in a weakened immune system (20) (21) (22) (23) (24) ; skeletal muscle fiber losses resulting in reduced muscle strength (25) (26) (27) (28) (29) (30) ; the decreased replication and migration by lens epithelial cells that correlates with the advent of age-related cataracts (31) (32) (33) ; and delayed wound healing in old animals, due in part to lessened replication and migration of dermal fibroblasts and capillary-forming endothelial cells (9, (34) (35) (36) (37) (38) and, in one report (9) , inefficient collagen production. Among the postreplicative cell populations, the loss of CNS neurons resulting in cognitive and neuromuscular failures can be recognized as a cell loss related to diminished organ function, with Alzheimer's disease as a commonly occurring example (39--41) .
Whether these age-related changes, when occurring in replication-capable cell types, are due to an irretrievable loss of intrinsic cellular replicative capacity or to reduced cell growth stimulation by reductions in growth factors, their receptors and second messengers remain largely undetermined, although some studies suggest both possibilities (18, 42, 43) .
Thus, the status of insufficient numbers of optimally functional cells in vivo can and often does affect components of all of the above cell systems in late life span and may result in, or contribute to, several physiologically diminished or frankly pathological states. A cogent argument can be made that some of these changes are the result of disease processes or due to changes in the stimulatory environment attributable to hormone and cytokine concentration or receptor function rather than the depletion of intrinsic cellular replication capacity. Nevertheless, these pathophysiologic conditions do occur rather uniformly in the aged in the tissues and orgaas listed above and could be avoided if sufficient cell replacement occurred. In old animals several of these cell types have reduced replication rates in vivo that coincide with decrements in organ function, and also replicate less well than those from young animals in in vitro clone size assays (8,31,44--47) . In these assays the external growth stimuli supplied in the culture are equivalent for cells from both young and old donors. Thus, the in vitro conditions remove several factors of concern in in vivo studies, eliminating both humoral and local stimuli from unrelated cell types that might influence growth at different ages and diet conditions. While the possibility of autocrine and same-cell-type paracrine stimuli remain, these would, if present, themselves represent agerelated changes in the specific cell type under study in vitro.
In regard to in vitro proliferation capacity, the number of possible population doublings for a human fibroblast population in vitro was estimated by Hayflick (48) to be in the range of 50-70; however, other human cell types have different mean and maximum population doubling capacities (49, 50) . Rubin (51) has suggested that the population doubling values for cells in vitro do not reflect limits on their capacities in vivo and that the diminishment of in vitro replicative capacity is the result of damages inflicted as a result of the preparation of the cells for culture and the conditions of growth. This concept that cells do not exhaust their replication potential in vivo would seem to be supported by an earlier study (52) that reported that 99%-100% of the cells of the germinal epithelial layer of the mouse tongue underwent at least 1 S-phase traverse during 3-5 days in vivo, suggesting the ability of a population in near total continuous replication to maintain itself long term in vivo, as opposed to long term in vitro growth. Evidence for oxidative damage to cells during culture (53) also supports Rubin's suggestion. However, a study designed to separate in vitro damage to cells during preparation from the effects of in vivo replication demand in serially transplanted hematopoietic cells, indicated that the loss of hematopoietic cell replication capacity reserve occurred entirely during cell replication following transplantation and not during the in vitro preparation of the cells (54) . A further illustration that loss of cellular replicative capacity occurred with in vivo replicative demand, rather than with in vitro preparation, was provided by Daniel and Young (55) . By retransplanting centrally located versus peripheral cells from sites of transplanted mammary epithelium, they demonstrated that the loss of subsequent transplant growth capacity was correlated to previous in vivo replication history. More direct evidence that it is not primarily in vitro accrued damage that limits cell doublings in culture is provided by the recent findings that two different cell types transfected with the telomerase catalytic subunit are capable of doublings far in excess of those for wild type cells, without sustaining major chromosomal damage or evidence of transformation (56, 57) . It is reasonable to conclude that some damage is sustained by cells in culture under standard conditions (51, 58, 59) and that some variability in growth capacity is based on culture medium content and conditions (18, 60, 61) . However, under controlled and standardized culture conditions, these do not appear to be the major factors resulting in the in vitro comparative differences reported for population doublings between long-and short-lived species (62, 63) , for reductions in population doublings reported to accrue with subject age in human and rodent dermal fibroblasts (64) (65) (66) (67) [although recently disputed for human dermal fibroblasts (68) ], nor for the differences in clone size measurements that require only short-term growth ex vivo and correlate to the age of donors in several species (31, 45, 47, (69) (70) (71) (72) (73) .
In stem cell-based systems in vivo the accrual of damage that may eventually lead to deficient cell replacement may be masked or, it can be argued, be physiologically nonsignificant during a considerable series of either steady-state or stimulated cell turnovers. Long-term in vivo studies in our laboratory on hematopoietic stem cells in the mouse indicated that at least 15% of a primitive (although not the most primitive) cell population, CFU-S-14, did not undergo an S-phase traverse during a 6-week period of continual measurement in the otherwise undisturbed animal (74) . This indicates that this very actively replicating and differentiating system is based upon a rarely dividing stem cell reserve (75) that supplies replacements for severallevels of replicating and differentiating cells. Nevertheless, a loss of hematopoietic reserve occurs with each sequential bone marrow transplantation, related to demand for in vivo cell replications post-transplantation (54) . Previously, Harrison (76) had demonstrated that murine bone marrow cells could be used to repopulate the radiation-deleted hematopoietic systems of recipients for as many as five successive transplantations. However, each successive transplantation provided lesser numbers of precursor cells and the system was eventually exhausted, both erythropoietic and PHA reactive lymphocyte regeneration becoming depleted. An inverse correlation of ongoing in vivo replication capacity with the history of previous in vivo replications in mammary epithelial cell transplants was determined by Daniel and Young (55) . Several transplant studies using other tissue types that are probably stem cellbased (77) showed extended capacity for cell survival and retransplantability but nevertheless failed or appeared depleted after a few successive transplantations (76) . Also, studies of nontransplanted T lymphocytes have emphasized the reductions in their number and function with increasing donor age, based largely on failure to replace naive T cells (20, 23) . A limited but confounding condition affecting cellular measurements in some organs with aging is that preneoplastic populations in aged animals may show increased replication rates [colonic epithelialcells in this instance (78) ].
Undoubtedly, stem cell-based systems have very great reserves, and the levels of circulating and locally produced cell growth stimulating or suppressing hormones and cytokines have a major impact on in vivo replication rates. However, a major focus of this review is whether in vivo cell replication rates and in vitro clonal cell replication capacities, (a) diminish when studied in the cells of many organs or tissues with the age of the donor, (b) signal the chronological and/or physiological age of the donor animal and may thus serve as biomarkers of aging, and (c) whether age-related diminishment of cell replication in vivo, both in steady state and in response to internal or external origin cellular stresses, is correlated with and may be involved in the development of reduced organ function and specific pathologies.
An interesting corollary to this subject is the recent finding by the laboratory of De Haan and Van Zant (79, 80) that two chromosomal QTLs, determined in multiple sets of recombinant inbred mice derived from a long-lived and a short-lived pair of parental strains, predicted the ex vivo cycling activity of hematopoietic progenitor cells for each parental and recombinant strain. Moreover, this cycling rate was inversely correlated to both parental and recombinant strains' life spans in a highly significant manner. This suggests the possibility of related clonal attenuations in several tissues, as the survivals were not linked to a single cause of death. Further, in embryo aggregation chimeras between the short-lived (DBA/2) and the longlived (C57BU6) strains, the DBA/2 component's production of mature blood cells in vivo ceased during the animal's lifetime whereas that of the C57BL/6 continued (80). These studies are not supported by those of McClearn (81), who found no associations with aging using 974 marker loci. The De Haan and Van Zant studies would benefit from extension to nonhematopoietic tissues, comparing cycling in several tissues of recombinants from additional short-and long-lived parental strains with life spans, and accompanied by clone size measurements at specific age points.
Clone size distributions as a measurement correlating in vitro cell growth capacity with age of donors have been carried out for several cell types in mice, dogs, monkeys, and humans (45, 49, 50, (69) (70) (71) (72) (73) 82) . The percentage oflarge clones, versus small clones, was found to correlate inversely with the age of the donor animals. Such studies are carried out for single cell types in a specified in vitro milieu and, therefore, results are not influenced by humoral or paracrine signals from unrelated cell types. This suggests that within an organ or tissue there are subpopulations of cells--each with differing replication histories and degrees of differentiation that demonstrate this as individual rates of clonal growth capacity-and that the ratio of clones with minimal growth potential to those with large growth potential increases as animals age (55, (83) (84) (85) (86) . The existence of a correlation between donor age and cell growth capacity in vitro has been disputed, at least for human dermal fibroblasts, based on doubling rates in mass cultures of 124 cell lines derived from donors 15 to 90 years old (68) . These authors found a great variability in the number of cell doublings achieved in mass culture, making it impossible to resolve a correlation with donor age, and thus challenging the earlier contrary findings of others for human cells, some based on mass culture population doublings and some on clone size differences (64) (65) (66) 69, 73) . In other studies, however, this same laboratory found that young adult rat dermal fibroblasts did undergo a significantly greater number of cell doublings in mass culture than those from old animals [while no advantage was found for cells from agematched old CR rats (67) ].
It is likely that the disparity between the results using clone size measurements versus mass culture calculation of cell doublings is based on what the two systems measure. When the number of population doublings occurring over time in mass culture is determined, the total growth capacity of all cells in the population of cells is measured. Therefore, in a mass culture the poorly growing cells, arguably those that have either undergone the greatest number of previous replications or received the most damage in vivo, will be rapidly displaced in the overall population by those clones with the greatest remaining growth capacity (55, 66, 86) . Thus, this system will measure primarily that segment of the cell population in the culture with maximum growth capacity. In the clone size distribution system, however, the clone formers with greatest growth capacity and those with the least are segregated at the instant of being individually placed into a primary clonal culture, or soon after in the case of a brief initial mass culture moved next to a clonal culture. This allows a comparison between donor animals for both the best growing sets of cell clones and the poorest growing, and this ratio consistently alters with animal aging. Thus, old mice, dogs, monkeys, and humans were found to contribute both the lowest percentage of large clones and the highest percentage of small clones from several tissue types at any pertinent time point in culture, as compared to the inverse status for the young, and with an intermediate status for animals in midlife, where included (9,31,32,45,69-73,84,87). In mice at least, the in vitro clone size measurements of replicative capac-ity were found to have a correlative relationship to the in vivo rate of cellular replication, with the values found for each decreasing with increasing animal age and protected by CR (8, 9, 45) . These findings are further detailed in the following sections, which review the effects of animal age and energy intake on cellular replication rates in vivo and clone size capacity in vitro, and the mechanism(s) that may be involved. Whether the in vivo rate of cell replication and the in vitro clone size findings are reflections of accruing losses in cellular replication capacity that result in certain age-related organ and tissue pathologies may be debated in view of the large replicative reserve demonstrated in transplantation studies of several stem cell-based tissues (76) . However, their age-related correlations with certain organ-specific pathologies and with changes in cellular resistance to oxidative damage have been demonstrated, suggesting that their use as biomarkers whose changes parallel some of the significant age-related losses of cell and tissue functions accompanying aging is appropriate and may provide insights into the mechanisms involved.
Caloric Restriction Delays or Prevents Age-Related Changes in In Vivo Cellular Replication Rates, In Vitro Clonal Growth Capacities, and Several Pathologies Related to Diminished Cell Numbers and/or Function
sex, and age groupings of animals. These were determined by cell counts made individually on multiple clones, thus measuring the ability of individual members of a cell population to undergo serial replications. Where CR was used in these studies it consisted of a 40% reduction in total calories present in the diet of ad libitum (Al.j-fed animals of the same strain, sex, and age, fully instituted from 4 months of age onward and conducted in the aging rodent colony of the National Institute on Aging . In the series of studies described below, using young and old AL and CR diet B6D2FI and B6C3FI mice, we determined their relative cellular replication rates in vivo and clonal replication capacities in vitro, as well as their in vitro resistances to oxidative damage (Figures 7 and 8 ) and the occurrence of an age-reFigure Lin vivo eell replication rates in young (either 6 or 10 months), old AL , old CR , and old CR refed (RF) B6D2Fl male mice, BrdU was released continuously at the rate of at 2 rug/Kg body weightfhour for 2 weeks previous to sacrifi ce by a subcutaneously placed mini-osmotic pump. The effect of rcfeeding 28-month CR mice an AL diet for either 4 or 8 weeks is shown, as are labeling index. age of mice , and period of refeeding. A significant increase in BrdU labeling of 28-month-old mice (but not 10-month-old mice) was seen in both the 4-and 8-week RF group when compared to the AL and CR animals of the same age. Significant values for diet comparisons only : (A) Liver hepatocytes. 28-month AL vs RF (4 week s) < .0 1; 28-month CR vs RF (4 weeks) < .00 1; 28-month CR vs RF (8 weeks) < .05. Aging and decline in measurements ofcellularfunction and replication.-The phenomenon of aging , especially as it occurs in mammals, is accompanied by the expression of various degenerative conditions in cells , tissues, and organs, as well as the appearance of uncontrolled replication (neoplasia) due to DNA mutational events. In many instances a given degenerative organ failure that precipitates morbidity or mortality in animals can be traced directly to the reduced function and/or reduced numbers of the cells performing the work of the organ (13,15,18,20,27 -29,39-41,46,88-93) . In some instances this also involves the replacement of normal cells by inappropriate cell types (91, 94, 95) . CR is the only protection against these age-related degenerative organ changes, tumor incidences, and cell replication diminishments with age that also significantly extends the mean and maximum life span of rodents, as well as nonmammalian species (91, 96) .
An age-related loss of in vivo cellular replication rate (defined as the mitotic rate for a specific cell type within a given tissue or organ) has been recorded in several murine replication-capable tissues examined in late life span (8, 31, 97, 98) . This deficiency becomes obvious in a functional way when the tissue is injured and required to heal (9, 35, 38, 42) . The in vivo loss of replication rate, in mice at least, is accompanied by a parallel in vitro loss of clonal replication capacity, a condition in which the cells from young and old donors are provided with equivalent nutrition (8, 31, 32, 45) . Taken by itself, clone size diminishment has been found to occur with age, as noted in mouse, dog, and primate cell types (31, 32, 45, 47, 65, 71, 72, 99) . Studies completed in our laboratory serve to illustrate these parallel in vivo and in vitro findings (Figures 1-6 ). The in vivo studies were conducted with long-term continuous BrdU diffusion in the subject mice, followed by direct immunocytochemistry measurements made on multiple sections from several tissues and organs . The in vitro studies measured the spectrum of clone sizes in cultures made from several of those same cell types in organs of same strain, In vivo cell replication rates in AL and CR animal cell types with aging.- Figure I illustrates the differences in in vivo replication rates for hepatocytes, kidney tubular cells, and pancreatic acinar cells between young and old B6D2F 1 male mice and the effect of long-term CR on these responses (8) . The rate of cell replication was measured by constant diffusion of BdrU at 2 mg/kg body weight for a 2-week period. It is notable that for the 6-month-01dmice the steady-state cell replication rate in the AL-fed animals is higher than that of those on CR, and that this advantage is lost by age 10 months. There was also no differ- Figure 2 . Steady state in vivo replication rate of stromal cells from mouse bone marrow. B602FI male mice were treated previously for 2 weeks in vivo with BrdU at 2 mg/kg/hour by miniosmotic pumps placed subcutaneously. The animals were then sacrificed and bone marrow stromal endothelial-like cells and fibroblast-like cells (osteoblasts) were placed in replicate culture dishes, half of which were exposed for 12 seconds to near-ultraviolt light. The proportions of clone forming cells from 6 AL or 28-month-old AL, CR, or RF (refed CR) mice that were killed (or prevented from dividing) in vitro at time of plating by near-UV irradiation are shown on the ordinate. The clone forming cells killed had undergone at least one S-phase during the 2 weeks of Brdu exposure. The refeeding was for a 4-week period beginning 2 weeks previous to, and including the 2-week period of continuous BrdU exposure, after which the mice were sacrificed. ence between AL and CR in the 28-month-old animals. However, if a period of free choice food intake (refeeding) was instituted at this time, the old CR mice demonstrated the capacity to undergo a higher level of cellular replication than that of the AL animals that lasted for at least 4 weeks. This appeared to demonstrate some kind of conservation of cellular replicative capacity by CR, although one could not rule out a resurgence of hormone/cytokine levels that affected cells after refeeding, or a heightened cellular sensitivity to those mitogens. In all of the above instances an advantage was present for the cells from the old "refed" CR animals over those from both AL and CR animals of the same age. However, it is an important point that refeeding was not necessary in all cell types for a demonstrable CR advantage. Thus, in Figure 2 it is seen that bone marrow fibroblastoid cells [that are now recognized by immunocytochemistry to be of osteoblast lineage (44,100,101)] and, also, bone marrow endothelial cells, did not require the refed diet program to demonstrate superiority for the old CR animals over the old AL animals (8) . Likewise, fibrob1astlike cells from the spleens of old CR mice proliferated at a higher rate than those of AL old mice. This was also true in similar studies of the epithelial cells of the lens [ Figure 6 (31, 32) ]. Therefore, refeeding is not necessary in all cell types, and the cytokine resurgence concept is not appropriate, at least for those cell types. However, this does not eliminate the possibility of steady-state advantages in specific hormone or cytokine levels for the nonrefed CR state, or of greater efficiency in its cellular response to them. Another possible explanation for the replicative advantage in old CR animals is superior protection from or repair of otherwise long-lasting accumulated damage to cellular DNA. This possibility is explored in the following sections.
The condition of wound healing is a special example of in Age (months)
so.o«~4 -6 mos. AL (13) 'J: . In vivo steady state replication rates of young and old AL and CR mouse lens cells. 5-bromo-2-deoxyuridine (BrdU) labeling index (LI) is for lens epithelial (LE) cells from B6D2FI male ad libitum-fed (AL) and calorically restricted (CR) mice after BrdU was administered by osmotic mini pump at 2 rug/kg/hour for a 2-week period. The LI was calculated as cells positive for BrdU antibody over total cells counted. For these comparisons. 1800 LE cells were counted for each of 6-8 mice per group under the microscope (X200) by two observers without knowledge of the source. Thirty-to 33-month-old AL mice had a significantly reduced LI compared to either young AL or 30-to 33-month-old CR mice (p =.00 I). The number of AL or CR mice in each age group is indicated in parentheses. Values represent the mean ± SE of mice studied for each group. [From Li et aI., 1997 (31) .]
CR to the AL diet (refed) beginning 4 weeks before the wound placement. It was later found that the refeeding could begin as late as one week before wounding (102) . In relation to this, in vivo cell replication rates were measured by BrdU uptake for dermal fibroblasts and vascular endothelial cells in the forward edges of the healing wounds, and these were found to parallel the wound closure rates for the age and diet groups just mentioned, being significantly superior for old CR refed animals 
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.... vivo replication rate behavior under the stress of demand. Such studies were carried out in young (4-6 months), middle-aged (15-17 months), and old (30-33 months) B6D2Fl male and B6C3Fl female mice (9) . In studies using 4 mm diameter fulldepth skin wounds placed in the mid-back region, it was seen that the rate of wound closure as measured by progressive reduction in wound size or accumulation of type I collagen, was delayed in old AL mice when compared to young or middleaged AL mice or old CR mice brieflyplaced on AL diet (9) (not shown here). In collagen gel contraction in vitro studies using dermal fibroblasts from these animals, old CR contractedcollagen equally well as youngAL and for almost twice the distance achieved by old AL, demonstrating a functional decrement for old AL mice (9) . Thus, function was retained by cells from CR mice and correlated with theirsuperiorin vitroclonal replication capacity. However, in vivo the old CR animals provided more rapidwoundhealing thantheAL only if they werechangedfrom [30] [31] [32] [33] [34] [35] mos. AL_ (6) 30-35 mos. CR (6) 3·5 mos. AL (10) 0.0% over old AL or old CR non-refed. Although there was an initial strong cell replication rate response by the old non-refed CR cells, that surpassed that of old AL cells when measured by BrdU uptake in vivo at day 2 post-wounding, this fell to essentially zero by day 5, suggesting an exhaustion of cellular energy resources. Meanwhile, the refed old CR cells replicated at least as well in vivo as those from young AL animals on both days 2 and 5 after wounding (9) . Thus, adequate energy levels were a requirement for the advantage provided by the CR status to be demonstrated. In a separate study, comparisons of healing of skin wounds in young and old rats and monkeys also showed inferior healing in the old AL animals versus young AL in both species. However, refeeding was not done for CR animals and they showed minimal, if any, more rapid healing than the old AL (35) .
When IGF-1 (insulin-like growth factor) and IGF-1 binding proteins (lGF-1BP) serum levels were measured in animals from these age and diet groups, the IGF-1BP-4Ievels were significantly higher for refed old CR over both AL and CR old, and IGF-1BP-3Ievels were significantly higher for old refed CR over old CR, and trended above old AL (Table I) . Trends for reduced IGF-1 in old AL versus young AL or old refed CR were also present (9) . A separate study of rats showed a significant reduction of circulating IGF-1BP-3 with age and a significant reduction in circulating IGF-1, as well; CR animals were not used (103) .
While IGF-1 is certainly not the only factor responsible for cell proliferation, especially in wound repair (104, 105) , the reviewed findings give some credence to the possibility that the CR condition modulates certain hormone and cytokine levels that are otherwise reduced in old age, as well as carrier proteins and receptor availability, resulting in stimulation of cell proliferation in several tissues whenever sufficient sources of energy are available (43, (106) (107) (108) (109) (110) (111) (112) (113) (114) . Such a mechanism could explain the long-lasting burst of in vivo cell replication following the institution ofrefeeding in old CR animals (one that eventually tapers off), as seen in Figure 1 . It would also explain the fact that refeeding is unnecessary to demonstrate the superiority of cells from old CR mice over those from old AL mice when the cells are placed in vitro into the energy-rich medium of cell culture, as described in the next section. However, in order to fit into this explanation the superior in vivo replication of nonrefed CR over AL mice in bone marrow stromal cells and lens epithelium cells (see Figures 2 and 6) , it is necessary to assume adequate energy reserves and cytokine/hormone stimulation for those CR cell types in situ even without refeeding. In summation, the mechanisms involved are complex and not fully determined at this time.
In vitro clonal cellular replication capacity in AL and CR animals with aging.-The findings for the in vivo cell replication rates, described above, were paralleled in vitro by clone size measurements of the in vitro replication capacity of many of the same cell types, using standard growth medium supplemented with 10% FBS (fetal calf serum). This system measures the relative capacities of individual cells from the cell populations in question to form large, highly proliferating clones ex vivo, with the result reported as percentage of large clones formed (usually greater than four intraclonal doublings during 7 or 10 days of growth in culture), versus small clones (usually two doublings or less during this time). In these studies the cells were placed in clonal culture either directly after dispersal in suspension or after a brief 7-10 day growth in mass culture. Under these in vitro conditions a full and equivalent availability of nutrition was present in the medium and, thus, no advantage was seen for cells from refed CR enimals over those from nonrefed CR animals (not shown). However, there was always a clear advantage for cells from old CR animals over those from old AL animals. This advantage is shown in Figure 3 for skin fibroblasts and kidney epithelial cells, and in Figure 4 for spleen and bone marrow fibroblastoid cells (the latter now identified as osteoblasts) and bone marrow endothelial cells, using both male and female donors of two different mouse strains (45) . CR also preserved the clonal growth capacity of the epithelial layer of the lens, as shown in Figure 5 (31) . In parallel to this in vitro finding, it also reduced the age-related decline in the in vivo replication rate of these cells [ Figure 6 (31) ]. As discussed 
Resistance to reactive oxygen species (ROS) in cells and organs of CR animals.-
The senescence-like effect of H 202 in vitro treatment on human fibroblasts, including morphology, growth arrest, and the expression of genes related to cell cycle arrest, has been noted by others (115, 116) . In our clone size comparison studies using the cells of the murine lens epithelium, exposure to 20 to 100~of H 202 drastically diminished clonal growth by lens cells of both young and (more so) old cells from AL donors. However, cells from old CR animals were highly resistant and maintained large clone size in vitro [Figure 7 (32) ]. Also, the survival of old CR lens cells assayed shortly after a 1 hour 40~H 202 exposure was significantly superior to that of AL old cells, and was as good as or better than that of young AL cells [ Figures 7 and 8 (32) ]. H 202 is constantly present in the anterior chamber and lens ( 117, 118) ,possibly generated by a photo-oxidative effect (117) (118) (119) . These findings suggested that oxidative damage to CR donor cells was either prevented or repaired in a manner superior to that in AL donor cells. A dissection of these two possibilities represents a key sector of ongoing research.
A pathophysiologic correlation to the findings for cellular replication and ROS response.-It was possible to correlate the above findings with one pathology of aging thought to be at least partly the result of accrued cellular photo-oxidative damage, i.e., age-related cataract (117) (118) (119) . In the NIA aging colony mouse and rat strains, nearly all animals develop cataracts by late life, similar to humans (33) . This made it possible to compare the protection conferred by CR against replication decline and oxidative damage in lens epithelial cells with any delay in the development of cataracts in CR animals, using same-age AL animals as controls. In our most recent studies the B6D2Fl and B6C3Fl mouse strains that were used in the cell replication studies referred to above, and also the C57BL/6 strain, and two rat strains, Brown Norway and Fischer 344, were examined for the frequency, severity, and time of occurrence of cataracts. CR was found to significantly delay (but not abrogate) the appearance of age-related cataracts in these animals (the single exception being the pink-eyed albino strain, the F344 rat), as illustrated in Figure 9 for one of the strains examined. This finding suggests a link between the preservation of in vivo replication rate, in vitro clonal replication capacity, and the resistance to oxidative damage provided by CR, as presented above, and these, in tum, to the pathophysiology leading to cataract (117, 118) ; see Relatedly, in a different organ and cell system, it is notable that in various studies an age-related decline occurs in mouse, rat, and human bone marrow osteoblasts that correlates with donor age and donor age-related osteopenia and osteoporosis. In vivo, the rate of replication in situ (8, 18) , growth on hydroxyapatite surfaces placed subcutaneously (15) , and osteoblast replicative response after marrow ablation (16) are all diminished with old age. Similarly, in vitro, osteoblast numbers and rate of differentiation (46, I(0), proliferation and response to, or production of, cytokines (92, 93, 120) , and clone size (45, 69) , all in direct culture ex vivo, are reduced. The subject of human age-related osteopenia, osteoporosis, and related osteoblast activity has been reviewed by Manolagas (12) .
General Discussion
The mechanisms responsible for those age-related reductions in proliferation potential in vivo and in vitro described above are currently the subject of investigation and debate (8, 45, 87, (121) (122) (123) (124) . The underlying controlling mechanisms for replicative senescence seem to be genetically regulated for in vitro cellular replication (1,3,4) , and, possibly, for in vivo conditions, as well (79) . However, several studies indicate that environmental influences, such as reactive oxygen species (ROS), can accelerate what appears as cell senescence in vitro (32, 115, 116, 125) and cell damage in vivo (114, (126) (127) (128) . Thus, while these age-related changes might be expected to proceed even in the absence of ROS, their rate may be accelerated significantly in its presence. At the same time, the genetic makeup of the individual would be expected to variably modulate ROS damage through antioxidant levels and DNA repair efficiency. Because reactivity with ROS leads to DNA lesions (96, (129) (130) (131) , this may accelerate telomere shortening, resulting in the arrest of cell replication (125, (132) (133) (134) , as reviewed below.
The discussion in this review has been limited to replicationcapable cells. However, one can postulate that age-related losses of functional cells from any cause in postreplicative systems, such as neurons and cardiomyocytes, may result in reduced organ functions or frank pathologies similar to those referred to earlier that are correlated with diminished replication capacity of lymphocytes, osteoblasts, or lens epithelial cells.
ROS damage to DNA.-Reactive oxygen species originating from mitochondrial, cytosomal, and environmental sources may damage both mitochondrial and nuclear DNA, as well as RNA, proteins, and lipids. Oxidative damage can result in oxidized bases, DNA adducts, abasic sites, and single-and doublestrand breaks or break-prone sites in nuclear DNA (129, (135) (136) (137) . These are likely to provide the DNA break fragments revealed in gel electrophoresis, as seen in the comet assay (58, 135, 136) . Several studies show an age-related decline in the repair of single-strand DNA breaks with age (137) (138) (139) (140) . Previous studies on the subject of oxidative damage as it applies to aging have been recently reviewed (96, 129, 131, 141) . In addition to mutational events leading to malignancy or other abnormal changes, ROS may trigger apoptosis, necrosis (142) , or loss of the ability to replicate and a phenotype resembling in vitro senescence (32, 115, 132) . Mitochondrial and nuclear DNA damage by ROS has been documented and is correlated with reduced cellular replication in aged animals (32, 129, 130, (143) (144) (145) (146) . In the instance of mitochondrial damage, the energy production mechanism of the affected cells may be crippled or shut down, possibly leading to both functional and replication failures (130, 143, 145) . Further, in one study ROS was found to beintegral to the signal transduction pathways of most cell types, suggesting that some level of incidental damage from this normal transaction is unavoidable (147) . Studies on DNA damage accompanying aging have reported increases in DNA adducts in mouse skeletal muscle, liver, kidney, heart, and brain (145, 148) , rat liver hepatocytes (145, (148) (149) (150) , and human lymphocytes (151) . As discussed in the next section, CR reduces the degree of oxidative damage in mouse nuclear and mitochondrial DNA in several organs, including kidney, liver, heart, and brain and reduces the H 2 0 2 generation by mitochondria (141, 144, 145) .
Linking CR effects on animal life span extension, cell replication rates in vivo, clonal cell replication capacity in vitro, and protection against cell and tissue oxidative damage.-The effect of reducing calorie intake, usually by 40%, is the extension of life span in mice and rats, accompanied by the delay or prevention of late life pathologies, including tumors and degenerative diseases (91, (152) (153) (154) . A number of studies have been done on the extension of rodent life span accompanying longterm CR, the earliest being that of McCay and colleagues (153) . The most pertinent studies in relation to the work reported above are those carried out on the NIA rodent aging colonies housed at the laboratories of the National Center for Toxicological Research (154, 155) . Summarizing these studies, it may be said that, considering the three strains of mice (B6, B6D2Fl, B6C3F1) and three strains of rats (Brown Norway, Fischer 344, FBNFl) altogether, maximum life spans were extended by about 20%-25% and mean life spans by about 30%-35% (154, 155) . Much of the life span extension was due to a delay in the time of appearance of several neoplasms and their rate of growth. However, in those same studies, as well as others including the same strains of rodents, it was seen that degenerative lesions are also suppressed or delayed in time of appearance (33, (154) (155) (156) . As reported above, old CR mice retain their youthful level of in vivo cellular replication rates in several organs and cell types when compared to age-matched AL cohorts, and this is accompanied by a similar retention of in vitro clonal replication capacity (8, 31, 45) . Also, in vitro clonal replication capacity was retained in old CR mouse lens cells after exposure to levels of H 2 0 2 that caused replication arrest in agematched old or even young AL lens cells (32) . Probably related to this, CR also delayed the development of an age-related pathology, late life cataract [ Figure 9 (33) ], that is considered to be associated with photooxidative damage (33, (117) (118) (119) . These combined findings suggest the possibility that the mechanism by which CR produces all of the aforementioned results may be through a reduction of the intracellular production of ROS, an increase in cellular antioxidant enzymes, more efficient DNA repair, or any combination of these. The end result of such a mechanism would be the diminution of accrued DNA damage in both mitochondria and nuclei (144, 145) , including that resulting in telomere shortening (see below).
Because, in some tissues, early-instituted CR reduces the in vivo replication rate in young mice for several months after its institution (8, 157) , one may ask if CR is merely saving doublings for use late in the life span. However, this hypothesis cannot satisfactorily explain CR-enhanced replication potential. It is true that CR slows the in vivo cell division rate in some cell types (liver, pancrease, kidney) for a few months after its institution relative to that in AL mice (8) . However, in several other tissues, including lens epithelial cells and bone marrow-derived osteoblasts and endothelial cells, the steady-state in vivo replication rate was not reduced by CR at any age and became superior to that of AL mice in the latter half of life span and throughout old age (8, 31) . This indicates that this age-related reduction in cell replication must be protected against in some other way, at least in these cell types. CR-induced reduction of oxidative damage during either or both cell replication and resting state is one candidate for this role. A consequence of reducing oxidative damage may be a related reduction in the rate of telomere shortening in the CR cells (132) , thus extending the replicative life of cells. It is also important to consider that the replication rate measures only replication, and does not take into account cells lost to apoptosis in the tissues concerned. Taken together, these two values equate cell turnover. Several studies of the level of apoptosis in mouse livers, bladder cells, colonic epithelium, and (senescent) T cells have indicated that it is significantly higher in CR mice than in age-matched AL mice, and is accompanied by a reduced number of preneoplastic foci in liver, colon, and bladder (10, 78, 94, 95, 158, 159) . Only one study reported somewhat lower levels of apoptosis in hepatocyes of aging CR rats compared to those of AL controls (11). Clearly, the relationships of apoptosis levels, cell replication rate, and protection from cell damage in CR animals merit further study.
Finally, it has been suggested that CR institutes the natural state found in feral animals, whereas caged AL diet animals represent an anomaly. It is difficult to prove or disprove this argument, because the life span of animals in the wild is foreshortened by predation, intraspecies conflict, starvation, and disease. The present review attempts only to summarize relevant information on CR concerning the differences in cellular replication, resistance to stress, incidence of specific pathologies, and animal life span under laboratory conditions. These relationships may provide a valuable approach to elucidate the mechanism(s) of aging at the cellular and molecular levels.
Telomere shortening in aging tissues.-The relationship between aging, telomere shortening, oxidative damage, the loss of cellular replication capacity, and organ and tissue pathologies is presented here as a separate section, due to the rapidly emerging findings of significance in this field. The mechanisms responsible for age-related reductions in proliferation potential in vivo and/or in vitro are currently under investigation (4, 8, 45, 121, 122, (160) (161) (162) (163) . A large number of studies have indicated that telomere shortening is correlated to the number of population doublings expended during in vitro senescence and also of the age of the donor in some in vivo studies in humans (56, 121, 124, 160, 164) . These studies and the overall significance of telomeres in cellular senescence, replication extension, and cellular immortalization are the subjects of recent reviews (160, 161, 163) .
Shortening of telomeres was hypothesized originally by Olovnikov (165) and later by Harley and coworkers (166) to be the inevitable consequence of the inability of eukaryotic DNA replication enzymes to replace RNA primers on the termini of chromosomes, which are needed to initiate DNA replication in the 51--»31 direction at the end of all linear chromosomes. This progressively erodes telomeres at the terminus of each chromosome in the absence of telomerase. Telomerase, an enzyme which is able to add terminal repeat units to telomeres, and maintains telomeric length in permanent cell lines and germ cells, does not function in human somatic cells, other than stem cells (121, 164, 167) . Consistent with this model, telomeres have been demonstrated to shorten 20-200 bp per round of DNA replication during serial passaging of several types of human cells in vitro (124, 168) . Recent studies present strong evidence that telomere shortening may causally limit replicative potential in human skin fibroblasts in vitro (56, 57) . These investigators introduced the human telomerase catalytic subunit (hTERT) into karyotypically and replication normal human fibroblasts and found evidence that the life span of the cells was increased significantly and possibly indefinitely, without any evidence of transformation (169) . The alteration to a "long lived" phenotype was seen in all of the transfected clones that retained telomerase activity. These maintained telomerase activity, indicating the alteration was not the result of progressive multigene deletions or alterations, but appeared to represent a one-step immortalization of the cells (56) . The findings would appear to be an answer to the suggestion that damaging events in culture cause the limitation of the number of cell replications in vitro (51) , because the transfected cells show no sign of transformation and yet have grown continuously for over 130 population doublings. Recent findings by Kiyono and colleagues (170) indicate that a second senescence pathway may be present in at least some epithelial cell types. They report that keratinocytes and mammary epithelial cells cannot be immortalized by hTERT unless the antioncogene p 16 is inactivated first. The authors report, as have others, that human fibroblasts do not require p 16 inactivation. Why p 16 inactivation is required for senescence bypass in the first two cell types and what mechanisms trigger the onset of p 16 induced "senescence" is unknown. These experiments do not address the question of whether telomere shortening is responsible for age-related losses of replication potential in vivo. Several studies have shown that human telomeres shorten with age (160, (171) (172) (173) . However, the relevance of the in vivo studies is still being debated (174) . More direct evidence may be available in the form of telomerase knockout mice (see the following discussion).
Studies on the laboratory mouse indicate that the situation must be more complicated in rodents. Unlike adult human telomeres, which are only 8-10 Kbp in length, M. musculus telomeres are very long and heterogeneous in length, from 10-60 Kbp. Other domesticated animal species also may have long heterogeneous telomeres (175) . Therefore, understanding if and how telomere shortening operates in species with long telomeres is important. One species of generally outbred mice, M. spretus, have relatively short telomeres similar in length to human telomeres, and telomeres of this species do shorten with age (176) , indicating that telomere shortening may be occurring in M. musculus also but is not detectable against its heterogeneous telomere lengths background. However, one or two mouse chromosomes are nearly as short as those in the human (with most of the rest much longer). It is possible that telomere shortening may be much greater on these mouse chromosomes that also have the correspondingly shortest telomeres (177) .
Recently it has been shown that telomerase knockout mice undergo a reduction in telomere size and in fecundity, body size, and wound healing, but only dramatically so after six generations (178, 179) . This is consistent with a progressive shortening of the telomeres at about 4-5 kilobases per generation during expansion of the germ cell numbers in each generation, with few effects being noticed until a critical short length is obtained (178) . The authors also report evidence that telomeres may shorten faster during aging of the adult transgenic knockouts than in their growth to maturity. This would seem to indicate that other factors than rate of cell division may be accelerating telomere loss during aging of the mouse, and further studies of aging telomerase knockout mice at earlier generations are needed to clarify the situation. Oxidative and other genotoxic damage may also shorten telomeres in an accelerated fashion. A link between oxidative stress and telomere shortening has been reported in which hyperoxia accelerated telomere loss sixfold per cell division in human fibroblasts in vitro (125) . Similar hyperoxia treatments have been shown to dramatically lessen cellular replication capacity in vitro (125, 132, 133) . Sublethal H 2 0 2 also has been shown to shorten telomeres, and that action may be related to the cells' inability to repair oxidative damage in the telomere portion of the DNA (132) (133) (134) . Using a new fluorescence in situ hybridization protocol, we have observed a similar rapid shortening of telomeres in bovine lens epithelial cells treated with sublethal doses of H 2 0 2 (unpublished results). In this context, any protection from oxidative damage afforded by CR might quite reasonably be expected to delay shortening of telomeres, protect cell replication, and possibly prolong life span, according to the telomere hypothesis. Such protection could be in the form of antioxidant systems, better inherent structural resistance to oxidants (i.e., better nuclear packing to reduce availability of DNA to free radicals), enhanced DNA repair, or any combination of these. Enhanced resistance to environmental oxidative damage may partially explain the greater preservation of cellular proliferation observed in cells from CR mice (8, 31, 32, 45) . Because of the difficulty in detecting age-related telomere shortening in laboratory mice or in laboratory rats, no reports of the effect of caloric restriction on telomere length in these favored models have been made to date; however, such studies are underway.
The relationship ofbody temperature to cellular proliferation and aging changes.-It is now well established that CR results in a significant lowering of body temperature of both rodents and primates, especially during the time period farthest beyond the last meal fed (180, 181) . This finding is significant in relationship to the effect of CR on the delay of the appearance of neoplasms and the extension of life span. Koizumi and colleagues found that, in mice, CR reduced the rate of cell proliferation in the cells of the jejunum, epidermis, pituitary, and lung and reduced or delayed the number of neoplasms (specifically, lymphomas) developing over time. They also found that raising the room temperature to 30°C restored the cellular replication rate to that ofAL animals, except in the pituitary, and that the CR-induced reduction in lymphoma formation was nullified (181, 182) . While these temperature effects did not extend to all types of pathologies that CR diminishes or delays, the simultaneous reversal of the CR effects on both the cellular replication rate and tumor incidence by raising body temperature is an important finding. In question is whether this temperature-dependent antitumor phenomenon induced by CR is due simply to (a) a slowing of the development of a critical mass of transformed cells; to (b) reductions in mitochondrial oxidative activity and collateral DNA damage that would otherwise result in preneoplastic changes; or to (c) increased apoptotic removal of preneoplastic cells (10, 11, 144, 145, 152) . More simply, does the reduced need for body heat production or the maintenance of normal body temperature, as provided by the higher room temperature, result in a partial reversion from the CR condition to the AL? As a separate consideration, the temperature-unaffected pituitary cell replication activity in these CR animals is of interest in relationship to the next area of discussion, age-related hormonal alterations and their effects on cellular replication.
Hormonal and cytokine involvement in age-related cell replication and the CR effect.-While the complex field of hormonal and cytokine alterations with aging and their effects on the various organs and cell types in the body is too large to cover comprehensively in this review, it is necessary to discuss some pertinent findings as they relate to cell replication in aging and the effect of CR. It is generally accepted that the hypothalarnicpituitary-adrenal axis is of importance in aging and in cell proliferation, with insulin, IGF-l, and glucocorticoids playing important roles in the stimulation or suppression of target cell replication (183, 184) . A great deal of work has centered on the production of growth hormone (GH) and other cell growth mediating hormones by the anterior pituitary gland, the availability and status of their receptors, and the pulsatile nature of GH production. Some of these complicated interactions and the sequential responses of those hormones dependent initially upon growth hormone stimulation have been reviewed by Dauncey (185) . However, the interpretation of results is subject to the variability of the sequential train of hormone stimulation, carrier proteins, receptor numbers and sensitivity, second messenger response, and the intrinsic ability of the target cells to replicate. As an example of this, pituitary somatotroph cells were found to be reduced in old AL mice, but their number and rate of in vivo replication was preserved in old CR mice (186) . However, in a separate report, the size of the gland and its production of prolactin were found to be significantly less in CR rats as compared to AL rats at all ages (187) . This study also found that total pituitary RNA levels in mice were greater in AL than in CR mice at all ages. Other workers, using rats and measuring the rate of somatotrope cell renewal, cell numbers, and size in the anterior pituitary, found a higher level of BrdU uptake by CR than AL animals in late life, as well as a preser-vation of cell numbers and nuclear size (188) . Thus, it would appear that in the pituitary of these CR animals the message for pituitary hormones is at reduced levels and the overall gland size less, but the cellular replication rate is higher and anterior gland cell numbers maintained, suggesting that the apoptotic rate may also be higher. The latter measurement does not appear to have been done at this time, and future studies on this point would be helpful.
In related hormonal studies on CR effects, an increase in GH receptor binding was found in liver slices of mice on AL diet; however, GH-induced IGF-1 gene expression was greater for age-matched CR animals (109) . Interestingly, the size and endocrine activity of the thymus gland in old age can be elevated by supplementary GH (189, 190) . The use of transgenic animals has not clarified the picture. GH-transgenic mice display accelerated aging changes, including degenerative tissue events and a loss of in vitro clonal cellular replication capacity that is evident by 3-6 months of age (87, 191) . However, these animals have such an extremely high level of circulating GH (100-1000 X), as well as 3-4 X elevated levels ofIGF-1, that a truly abnormal hormone status exists (87, 191) .
The secretion of the cell growth stimulating hormone, IGF-1, is responsive to GH levels and to GH receptor numbers and efficiency. In several studies, serum levels of IGF-l or IGF-1 binding proteins (lGF-1-BPs) were reduced in agedAL and CR animals (110, (192) (193) (194) (195) , while the type 1 IGF-1 receptors in heart and diaphragm were more highly expressed in old CR than in age-matched AL rats (192) . Reed and colleagues (9) also found age-related reduced serum levels of IGF-1 and IGF-I-BPs 2, 3, and 4 in old CR and old AL mice. However, refeeding the old CR mice resulted in increases in serum IGF-1-BPs, including significantly greater ones for IOF-1-BP-4, over old AL, and also for IGF-1-BP-3 over old CR (Table 1) . Serum IGF-1 levels in this study also showed trends favoring refed CR mice over either old AL or old CR animals. These rebound effects correlated with superior wound healing by old refed CR animals, as reported in the same study. Cogently, and consistent with the reduction of IGF-1 and its BPs in non-refed CR mice and rats (9, 103) , levels of IGF-1 receptors in heart and diaphragm of non-refed CR Norway rats were found to be elevated above those of AL controls at all ages from 5 to 25 months (192) . In addition to the agonist activities of these sets of hormones, the antagonistic control by IOF-1-BPs and by somatostatin must be considered (196) . Thus, the collective results suggest fine tuning of these hormones, carrier proteins, and related cell receptors to meet the metabolic, cellular replication, and apoptotic adjustments characteristic of the CR condition. The relationships of GH, IOF-1, IGF-1-BPs, their inhibitors, and the nutritional status of the animal have been reviewed by Thissen and colleagues (195) .
CR also elevates corticosterone levels but, again, these fluctuate greatly depending upon the time of day and proximity to time of feeding. Afternoon levels of plasma free corticosterone were found to be significantly higher in CR versus AL rats in all age comparisons (114) . Masoro and Austad (184) have proposed that these elevated levels of corticosterone throughout life may represent a functional hyperadrenocorticism that is beneficial to the CR animal in protecting against tumorogenesis, and the effects of free radicals and damaging agents of external origin. The relationship of the several elements of the hypothalarnic-pituitary-adrenal axis as it relates to animal age and diet have been reviewed by Leakey and colleagues (197) . The presence and importance of cytokines such as ll-6, PDGF, FGF, TGF beta, and EGF must also be considered in this complex relationship between age, diet, and the stimulators of cell proliferation, but these are complex and beyond the scope of this review. However, it has been noted that serum levels of the inflammation-related cytokines IL-6 and TNF alpha are elevated in old mice and humans and that this increase is prevented in CR mice (159) .
In short, the ability of cells to proliferate in vivo would appear to represent an interwoven complex between possible age and diet-related intrinsic alterations in the cells themselves and the control of cell replication through external factors, such as the levels and effectivity of hormonal messengers and mitogens. These are important multifactorial relationships whose relative timing, as well as degree of interplay, remain the subject of extensive study.
Conclusions
We have presented findings linking the replication activity of rodent and human cells in vivo and in vitro with animal age, specific pathologies, and life span, and with the physiological effect of diet-determined energy intake (i.e., the CR vs the AL condition). At the present time, animal health and freedom from certain degenerative disease states can be related, at least in part, to numbers and functional status of several cell types in several body organs. Evidence for this link between the loss of critical cell content and specific pathologies is provided in Alzheimer's disease, in conditions resulting from poor immune function based on reduced numbers of functional T cells, and in age-related osteopenia/osteoporosis, as discussed and referenced in the preceding pages. In these examples the pathologies result from diminished cell numbers as well as reduced cellular function. However, the importance of an age-related reduced rate of in vivo cell replication, interpreted as a loss of the intrinsic cell capability for replication, must compete with other concepts such as the levels of hormonal and cytokinal stimulation and circulation changes.
The finding of an accompanying in vitro reduction in clonal replication capacity is supportive of an intrinsic loss of replicative capability and is free of the above alternative interpretations, because all external factors are equivalent and all cells have an equal opportunity to adjust receptors and second messengers (if they cannot do so, that also represents an intrinsic deficiency). However, clone size differences between young, middle-aged, and old animals, while consistent with the in vivo studies listed above, have been challenged by mass culture findings in a recent study (68) using human cells that found no agerelated differences, suggesting that sufficient cell reserves are always present. The possible reasons for the differing findings have been discussed in the body of this review and will not be repeated here. In any event, the in vivo/in vitro clone size corroborative measures of cell replication, taken together, do represent a biomarker of aging, as they not only parallel the chronological progression of old age, but also reflect the CR-induced alterations in age-related cell-based functional changes, pathologies, and life spans in several model systems.
There may be multiple causes for the reduction or loss of cellular replicative capacity. Evidence developed in several lab-oratories and reviewed here indicates that oxidative damage to nuclear and mitochondrial DNA may limit the capacity for cell replication, and probably cell survival. As discussed above, H 202-inflicted damage to lens cells' clonal replication capacity and survival in culture is greatly prevented (or allowed to be better repaired) by long-term CR in subject animals. Relatedly, at least one naturally occurring organ pathology, age-related cataract, thought to be linked to photo-oxidative damage, correlates with age-related reductions in lens epithelial cell replication, both in vivo and in vitro. Its occurrence is significantly delayed by CR, a condition that also provides resistance to oxidative damage in lens cells when challenged in vitro. Some of the evidence reviewed suggests that the age-related in vivo and in vitro diminishments of cellular replication rate and clonal replication capacity may be influenced by shortening of telomeres, possibly resulting from accumulated ROS-inflicted DNA damage at highly susceptible telomeric sites. Whether these theories are correct remains to be proved or disproved by further experimentation that also should clarify to what degree intrinsic cellular replication capacity or external factors controlling it act to limit or allow tissue deterioration and age-related specific pathologies that may, in some instances, contribute to animal mortality.
